The fan wing aircraft is a new concept based on a new principle, especially its wing which is based on a unique aerodynamic principle. A fan wing can simultaneously generate lift and thrust. In order to further improve its aerodynamic characteristics without changing its basic geometric parameters, two fan wings are installed along the longitudinal body, which is the composition of a tandem fan wing aircraft. Through numerical simulation, the lift and thrust of the fan wings were calculated with the distance, height, and installation angle of the front and rear fan wings changed, and the aerodynamic characteristic interaction rule between the front and rear fan wings was analyzed. In addition, the wind test model of a tandem fan wing was designed, and the results of the wind tunnel test and numerical calculation results were compared to verify the preliminary setup. The results show that at a certain height, distance, and installation angle, aerodynamic characteristics of a tandem fan wing have more advantages compared to the single fan wing. Therefore, the tandem fan wing aircraft's advantages have good prospects for development and application.
Introduction
A fan wing aircraft [1] [2] [3] [4] has a crossflow fan at the leading edge of each wing. The fan, powered by a conventional engine, pulls the air in from the front and accelerates the air over the trailing edge of the wing. By transferring the power of the engine to the crossflow fan, which spans the whole wing, the fan wing accelerates a large volume of air and produces lift and thrust simultaneously. It cannot be classified as either a fixed wing or rotary aircraft but shares certain fundamental features of both. The fan wing concept with distributed propulsion is described as a simple, stable, and very efficient high lift aircraft. The implementation of a crossflow fan in a wing was first proposed by Nikolaus Laing in 1964 [5] , who together with Bruno Eck are responsible for increasing the crossflow fan efficiency. Hancock [6] worked on raising the efficiency of the crossflow fan implementation at Lockheed up to the value of 82%. However, the fan was reported to be so noisy that the test area had to be evacuated during the tests and was never integrated into a wing. The subsequent research studied the flow field through the crossflow fan with high-and low-pressure cavities [7] . Recently, the investigations on the fan wing technology integrated in airfoils showed the high lift potential of the embedded propulsion system and moved the research from experimentation to prototyping [8] . It exhibits great potential for exploitation in a wider range of commercial or military applications.
The implementation of a single fan wing was numerically and experimentally investigated [9] [10] [11] [12] [13] [14] [15] . The results confirmed the high lift, fuel consumption reduction, and noise decreasing characteristic. However, the studies above are all conducted on a single fan wing; with reference to the tandem wing aircraft [16] and tandem rotor helicopter [17] , we proposed the tandem fan wing aircraft (two fan wings installed along the longitudinal body). This kind of aircraft realizes the flight capability to take off and land at ultrashort distances or vertically with the heavy load, which satisfies the demand for an aircraft at low speed with a heavy load in some particular situations. This paper is aimed at studying a tandem fan wing configuration by CFD method, including the force measurement experiments in the wind tunnel.
Model and Calculation Method
2.1. Tandem Fan Wing Model. The layout of the tandem fan wing is shown in Figure 1 . We defined the geometric parameters of the single fan wing model (Figure 2 , Table 1 ) and blade geometric parameters (Figure 2(b) , Table 2 ). The geometric parameters of the front and rear wings are the same.
2.2. Calculation Method. In this paper, the maximum rotation speed of the crossflow is 2000 r/min, and the blade tip's rotation speed of the crossflow fan is less than 0.3 Ma. Therefore, the compressibility of airflow can be ignored in the numerical calculation. The whole flow field around the fan wings is in an unsteady state, and it is necessary to take the influence of the Reynolds number into account [18] . The numerical simulations are performed using the commercial general-purpose CFD code FLUENT 14.5 by Fluent Inc. The ANSYS ICEM software was used for grid division. For the CFD analysis, free stream velocity and angle of attack are constant for all rotation velocities. Renormalization group (RNG) k − ε model was used for turbulence. The pressure-velocity coupling was calculated using the SIM-PLEC algorithm. Second-order upwind discretization was considered for the convection terms. The finite volume method with rectangular elements was used for the whole solution domain. The rotating and stationary domains connected each other with a fluid-fluid interface, where the flow continuity is satisfied. To simulate the fan rotating, the area surrounding the blades was designed as a sliding mesh region ( Figure 3) . A uniform velocity is imposed at the inlet, while a zero relative static pressure is prescribed at the outlet. Unsteady simulations require a proper setting of both the time step size and the convergence criteria within each time step. For this simulation, a time step size equal to 1/20th of the blade passing period captured the unsteady flow well. Within each time step, iterations were performed until the solution no longer changed. It was found necessary to reduce all residuals to at least 10 −5
. With these, we set up the numerical calculation model for analysis of different distances, heights, and installation angles between the front and the rear wing.
Example Verification.
We took the wind tunnel test results from the literature [19] to verify the accuracy of the numerical simulation method. Given the coming flow, speed of 10 m/s, angle of attack of 0°, and range of crossflow fan rotation speed changing within 400-1200 r/min, we made a contrastive verification of the lift and the thrust of the single fan wing. Figures 4(a) and 4(b) show the test results of the lift and the thrust of the single fan wing at the different rotation speeds of the crossflow fan. As we can see from the pictures, with the increase of crossflow fan rotation speed, the lift and the thrust gradually increased as well, and the calculation results coincide with the trend of test results well with the maximum error less than 10%. Therefore, the numerical method mentioned above can be used in the calculation and analysis of the tandem fan wing aerodynamic characteristics. It can be seen from the curve that when the speed is 1000 r/min, the lift and thrust errors have a minimum value of 0.17 N and 1.04 N, respectively. We use the rotational speed at this time as the reference speed for calculation and analysis.
Calculation Results and Analysis
3.1. The Relationship between the Aerodynamic Force and the Distance. Figure 5 shows the definition of the tandem fan wing model with different distances. The height and the angle between the front and the rear wings are zero; we calculated the aerodynamic force with different distances of 500 mm, 600 mm, 700 mm, 800 mm, 900 mm, and 1000 mm (such six conditions).
Figures 6(a) and 6(b) show, respectively, the changing curve of the lift and the thrust's variation following the distance between the front and the rear wings. As you can see from Figure 6 (a), the lift force increases with distance when under 700 mm. On the contrary, when over 700 mm, the lift tends to be stable when the distance changes. In addition, the front wing's lift is always greater than the rear wing's, and compared with the single fan wing, the increase of the rear wing's lift is relatively small, even less than the single fan wing's lift when the distance decreases to some extent. On the whole, the average aerolift effect of the tandem fan wing is better than that of a single fan. According to the figures, it has increased by about 27%. After analysis of the force curve in Figure 6 (b), we can find that tandem fan wings' added value of thrust is quite smaller than the single wing's when the distance is big. Only when the distance is minimum does the tandem fan wing have its advantage, increasing the thrust by about 51%.
In order to further illustrate the principle of the aerodynamic increase of the tandem fan wing, we drew the velocity contours and streamlines with different distances between the front and the rear wings in Figure 7 . As we can see from these figures, due to the interactive influence of the front and the rear airflow, the intensity and position of the lowpressure vortices inside the fan wing are different. With reference to the single flow chart of the flow velocity, when spacing is small, most of the airflow accelerated by the front wing flows into the rear wing, which will be accelerated again by the crossflow fan in the rear fan wing. Therefore, the airflow speed of the rear fan wing is always larger than the front one. When the distance is over or equal to 700 mm, the rear wing's acceleration of airflow from the front wing decreases, most of which escape the rear fan wing's acceleration, which means the flow into the rear wing decreases. Therefore, the rear fan wing's lift is always less than the front fan wing's.
Now we talk about the front and the rear wings' impact on the change of thrust. The thrust produced by the fan wing derives from the acceleration of airflow by the crossflow fan's rotation. When the spacing is small, all the airflow out of the front wing flows into the rear wing, and the flow rate of accelerated flow in the crossflow fan increases in unit time. According to Newton's third law, the crossflow fan's blade gets more reaction so that the rear wing's thrust gets larger 2
International Journal of Aerospace Engineering when the distance narrows. When the distance increases to 700 mm, the thrust of the front wing is the minimum and gradually increases at the same pace of distance. It may be caused by the flow velocity of the edge inclined plane effected by the rear fan wing.
The Relationship between the Aerodynamic Force and the
Height. The definition of the tandem fan wing with different heights is shown in Figure 8 . We defined the distance as 800 mm, and the angle between the front and the rear wings does not change. The height difference is h/2R = 1, 2, 0, 0 5, 0 5 (five conditions).
Figures 9(a) and 9(b) show the curves of the lift and the thrust of the front and the rear fan wings with different heights. It can be found that when the front fan wing is relatively higher than the rear one, the effect on the lift of the front fan wing is significant, but the rear fan wing is not significant. When h/2R = 0, the lift increases to the maximum. The changes of the height difference between the front and the rear wings have little influence on the overall thrust, and the relationship between the thrust of the front and the rear wing shows the opposite trend. Figure 10 shows the velocity contours and streamlines of the height change between the front and rear wings of the tandem fan wing. As we can see, when h/2R > 0, airflow accelerated by the front fan wing from its trailing edge slope to the rotating crossflow fan of the rear fan wing is quite stable. When h/2R = 0 5, the lift of the front wing is small, which is caused by the 3 International Journal of Aerospace Engineering decreased pressure on the front wing's surface with the airflow acceleration from the rear wing. The h/2R = 0 5 value results in rather "odd" changes in lift and thrust behavior. This is due to the high energy fluid leaving the front fan wing entering the rear fan wing.
3.3. The Relationship between the Aerodynamic Force and the Installation Angle. Figure 11 shows the definition of the tandem fan wing with different installation angles between the front and rear wings. We defined the distance as 800 mm, the height difference between the front and the rear wings as h/2R = 0, and the installation angle of the front wing as 0°. Then we calculated the aerodynamic force when the installation angle of the rear fan wing is −20°, −10°, 0°, 10°, and 20°. Next, we defined the installation angle of the rear wing as 0°and calculated the aerodynamic force when International Journal of Aerospace Engineering
The Installation Angle of the Front Fan Wing Is
Unchanged. As we can see from Figure 12 (a), as the installation angle of the rear wing increases, the lift of both the front and the rear wings keeps pace with it, while the lift of the rear wing has a relatively great effect on that of the front wing, and it is about 20% more than the front wing's (the installation angle of the rear wing is 20°). However, when the installation angle of the rear wing is greater than or equal to 0°, the added value of the rear wing's lift hardly changes. From the average value of the front and the rear wing's lift, we can see that it is increasing all the time, and the overall aerodynamic increase is good. As we can see from Figure 12 (b), the rangeability of the average thrust is not very large, and the thrust of the front and the rear wings shows the opposite trend. As is shown in Figure 13 , when the installation angle of the rear wing is negative, the airflow of the front wing's trailing edge slope flows in an S-shaped path when across the rear wing's lower surface. When the installation angle of the rear wing is positive, basically, it flows along the airflow of the trailing edge slope, which illustrates that the rear wing has a good rectification effect on the front wing under this condition. The result at the rear angle > 0°is that the lift does not change much as most of the high energy fluid leaving the front fan wing does not enter the rear fan wing.
The Installation Angle of the Rear Fan Wing Is
Unchanged. As we can see from Figure 14 , when the installation angle of the front wing is greater than 0°, the lift of both the front and the rear wings tends to be stable. When the installation angle of the front wing ranges from −20°to −10°, lift of the rear wing is less than that of the front wing. With analysis of Figure 15 , we can find that the accelerated airflow from the front wing just flows into the rear wing, due to the suction effect of the rear wing on the front wing's airflow, which increases the flow rate on the trailing edge wing surface of the front wing and decreases the relative pressure; all these contribute to the increase of the front wing's lift. From the average value of the front and the rear wings' lift, we can find that the average lift hardly changes, and the changes of the front wing's installation angle are insignificant 7 International Journal of Aerospace Engineering in improving the overall aerodynamic force increase. As we can see from Figure 14 (b), the average value of the thrust decreases with the increase of the front wing's installation angle. From the current flowchart, we can find that the streamline of the front wing's airflow is disturbed by the rear wing's airflow, and the airflow flowing into the rear wing decreases. Therefore, the rear wing's thrust continues to decrease. The rear angle < 0°value results in rather "odd" changes in lift and thrust behavior. This is due to the high energy fluid leaving the front fan wing entering the rear fan wing. Under this situation, the installation angle of the front and the rear wings changes in the same way at the same time. As we can see from Figure 16 (a), when the installation angles of the front and the rear wings are negative, the aerodynamic force increase effect keeps pace with the increase of the installation angles. When the installation angles of the front and the rear wings are positive, such an effect is not obvious. As is shown in Figure 16(b) , the average thrust of both the front and rear wings hardly changes, which illustrates that the change of the installation angles of the front and the rear wings has little influence on the thrust. With analysis of Figure 17 , flow separation does not occur when the installation angle of the front and the rear wings is large, which illustrates that the tandem fan wing possesses such aerodynamic characteristic, to keep the velocity streamline stable with the large installation angle. The phenomenon caused by the flow field is similar to the upper section. Figure 18(a) shows that the lift of the rear wing is smaller than that of the front wing when the installation angle of the rear wing ranges from −20°to −10°. As we can see from the average value of the front and the rear wings' lift, the change of the average lift gradually decreases. As is Figure 18(b) , the thrust change still demonstrates the trend of substitution between the front and the rear wings. What is more, the average lift does not change too much. As we can see from Figure 19 , when the installation angles of the front and the rear wings are the same and negative, the rear wing can get accelerated airflow from the front wing; at this time, the change of the front and the rear wings' lift and thrust is not obvious. When they are the same and positive, the rear wing cannot make use of the accelerated airflow from the front wing, which is indicated in the graph as the lift and thrust fluctuate greatly with the change of installation angle. The interference between the front and rear flow fields causes the abrupt flow field of the trailing edge of the front wing and the streamline bending.
Test Verification

Wind Tunnel and Model
Arrangements. This experiment is based on the low-speed open return flow wind tunnel (Figure 20(a) ), which is in the National Key Laboratory of Rotorcraft Aeromechanics in Nanjing University Although there exists some difference, the whole trend of change is the same. The relative error between most of the numerical calculation results and test results is less than 10%, which illustrates that the numerical calculation method is feasible in this paper, and it can be applied in more analyses of aerodynamic characteristics of the tandem fan wing.
Conclusion
A tandem fan wing configuration is studied by the CFD method. The numerical setup is validated by experiments performed on the model with a single wing. The aerodynamic performance of this configuration is studied for different relative positions of the wings. It is shown that the lift of the model increases up to a certain distance between the two wings in the free stream direction and then remains steady, but its thrust improves only when this distance is kept low. Also, the impact of the distance between the wings normal to the free stream direction on the aerodynamic performance of the configuration is studied, and it is shown that the best performance results when this distance is about zero. Moreover, the performance of the configuration is studied for different installation angles. It is shown that changing the installation angle does not improve the lift but it has some minor effects on the thrust.
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